ABSTRACT An experiment was conducted to evaluate the effects of including enzymatically treated Artemisia annua L. (EA) in broiler diets on growth performance, meat quality, and oxidative stability of breast and thigh muscles. A total of 256 one-d-old Arbor Acres broiler chicks were randomly allotted into four groups with eight replicates of eight birds each. Broilers in the four groups were offered basal diet supplemented with 0.0, 0.5, 1.0, and 1.5 g/kg EA during the 42-d experiment, respectively. The ADG, ADFI, and feed/gain ratio (F:G) were measured at 42 d of age. Breast and thigh muscle samples from eight birds per treatment were obtained at 42 d to determine meat quality, free radical scavenging activity, and lipid peroxidation. All treatment groups had similar ADG, ADFI, and F:G during the 42 d experiment (P > 0.05). Drip loss at 24 h and shearing force of breast muscle were linearly (P < 0.05) and quadratically (P < 0.05) decreased by EA addition. The drip loss at 24 h and 48 h, cooking loss and shearing force of thigh muscle followed the same fashion. The supplementation of EA quadratically increased 2, 2-azinobis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt (ABTS) (P = 0.004) and 2, 2-diphenyl-1-picrylhydrazyl (DPPH) (P = 0.035) free radical scavenging activities in breast muscle, and linearly (P < 0.05) and quadratically (P < 0.05) increased ABTS and DPPH scavenging activities of thigh muscle. Increasing levels of EA linearly (P < 0.05) or quadratically (P < 0.05) or both decreased the malondialdehyde (MDA) concentrations in breast and thigh muscle samples during 15 d of storage at 4
INTRODUCTION
Nowadays, poultry meat is one of the major meat species around the world due to its desirable nutritive value. However, a rich content of polyunsaturated fatty acids, which is one of the major causes of oxidation, makes poultry meat susceptible to deteriorate during storage (Gray et al., 1996; Grashorn, 2007; Luna et al., 2010; Ahmad et al., 2012) . Efficacious, environmentally friendly and consumer favorable feed additives are necessary to poultry meat production. Recently, herbs or plant extracts with antioxidant capacity have received much attention. Plant-derived feed additives, which contain natural antioxidant compounds, can reduce lipid peroxidation, increase oxidative stability, and quality of meat in broilers (Goñi et al., 2007; Aziza et al., 2010; Luna et al., 2010; Zhang et al., 2015) . However, the plant cell wall limits the bioac-C 2016 Poultry Science Association Inc. Received January 25, 2016. Accepted August 3, 2016. 1 Corresponding author: tianwangnjau@163.com tive dissolution and is therefore unfavorable to the utilization of natural functional components of plants (Puri et al., 2012) . It has been reported that enzymatic treatment can assist extraction of bioactive compounds from herbs eco-friendly and effectively (Sowbhagya and Chitra, 2010) . Hydrolyzing and degrading or decomposing the cell wall of plant with enzymes, such as cellulases, pectinases, and hemicellulases, either individually or in combination, contribute to the release of intracellular contents (Choudhari and Ananthanarayan, 2007; Puri et al., 2012) .
Artemisia annua L. (A. annua) is an annual herb belongs to Artemisia species of Asteraceae (Abbas et al., 2012) and is well known for its antimalarial compound artemisinin (Tu, 2011) . The herb is native to Asia and especially known as Qinghao in China, and now has become extensively distributed all over the world (Willcox et al., 2004; Das, 2012) . Studies showed that the extracts of Artemisia species increased antioxidant capacity and immunity and attenuated liver damage in rats (Ryu et al., 1998; Kim et al., 2003; Ryu et al., 2013) . A. annua extract and leaf powder increased performance, 844 cellular, and humoral immunity of broilers (Gholamrezaie Sani et al., 2013) . Researchers have also demonstrated the effective anticoccidial property of dietary A. annua supplementation in poultry (Allen et al., 1997; Brisibe et al., 2008; Drȃgan et al., 2010; de Almeida et al., 2012; Hady and Zaki, 2012; Drȃgan et al., 2014) . A. annua has abundant nutritional constituents include amino acids, vitamins and minerals, and negligible antinutritive factors that might make it a potential herbal feed additive for poultry and livestock (Brisibe et al., 2009) . Furthermore, antioxidant compounds including phenols and flavonoids are widely distributed in A. annua (Brisibe et al., 2009; Ferreira et al., 2010; Gouveia and Castilho, 2013) . However, other than anticoccidial effect, the data on effects of dietary A. annua supplementation in broilers are generally limited and inconsistent. Information is also lacking regarding the effects of enzymatically treated A. annua (EA) on growth performance, meat quality, and antioxidant capacity of breast and thigh muscles in broilers, which were, therefore, the objectives of the present study.
MATERIALS AND METHODS

Preparation of Enzymatically Treated Artemisia annua L.
A. annua, harvested between the stage of flourish and pre-alabastrum, was obtained from Chongqing, P. R. China. The EA was produced and kindly provided by Kehu Biotechnology Research Center, Guangzhou, P. R. China. Cellulases (complex enzymes including xylanase, β-glucanase, β-Glucosidase) and pectinase were used to enzymolysis A. annua entire herb. The detailed information of producing EA was outside the scope of the paper and cannot be described due to commercial sensitivity. The EA contained 972.95, 45.03, and 335.18 g/kg of DM, CP, and ether extract, respectively, which were analyzed according to AOAC (2005) .
Experimental Design, Birds, and Management
The animal care and use protocol was approved by Institutional Animal Care and Use Committee of Nanjing Agricultural University, Nanjing, China. A total of 256 one-d-old Arbor Acres broiler chicks were obtained from a commercial hatchery. Chicks were weighed and randomly allotted into four groups with eight replicates of eight birds each. The control group was fed the basal diet formulated based on the NRC (1994) recommendations for 1 to 21 d starter diet and 22 to 42 d grower diet (Table 1) . Three experimental diets were prepared by adding 0.5, 1.0, and 1.5 g/kg EA to the basal diet during starter and grower phases, respectively. Birds were allowed free access to feed and water in threelayer cages (110 cm × 60 cm × 50 cm, eight birds per cage) in a temperature-controlled room and enjoyed 3 The nutrient levels were as fed basis.
continuous fluorescent illumination throughout the 42 d experiment. The temperature was maintained at 32 to 34
• C for the first three days, then gradually decreased by 2 to 3
• C per week to a final temperature of 22 • C. At the end of the experiment, BW and feed intake of broilers in each replicate were recorded for determination of ADG and ADFI, while, feed/gain ratio (F:G) was calculated by ADFI/ADG.
Sample Collection and Preparation
At the end of the experiment, one male bird with a BW similar to the mean BW of the replicate was selected and killed for collection of breast and thigh muscles. Each sample was sliced into different sections. One slice of the muscle was stored at 4
• C for meat quality measurement. Another slice was homogenized at 4
• C in ice-cold 0.86% sodium chloride buffer (w:v = 1:9) and centrifuged at 3500 × g for 10 min at 4
• C, the supernatant was collected and then stored at −80
• C for biochemical analysis. Meat samples of breast and thigh were placed individually in plastic wrap in a refrigerator at 4
• C to determine thiobarbituric acid-reactive substance (TBARS) values. A bicinchoninic acid assay was used to determine the protein content of the homogenate (Bainor et al., 2011) .
Meat Quality Measurement
Muscle pH Muscle pH was measured in triplicate at 45 min (pH 45 ) and 24 h (pH 24 ) postmortem using a pH meter (HI9125 portable waterproof pH/ORP meter, HANNA Instrument, Italy), and the average was used to statistical analysis (Wang et al., 2013; Zhang et al., 2015) .
Meat Color The color of muscle was measured with a colorimeter (Minolta CR-10, Konica Minolta Sensing, Japan) according to the CIEL * a * b * system (L * = lightness, a * = redness, and b * = yellowness). The average of the three measurements was recorded at 45 min postmortem as color coordinate values of the sample Zhang et al., 2015) .
Drip Loss The drip loss of muscle was determined as described by Zhang et al. (2015) . Briefly, meat samples with size of 3 cm (length) × 2 cm (width) × 1 cm (thickness), were weighed (W1) and suspended parallel to the longitudinal axis of the myofibers in netting and vacuumed bags and stored at 4
• C. Samples were weighed after 24 h (W2) and 48 h (W3) hanging. Drip loss at 24 h (%) = (W1−W2)/W1 × 100%, Drip loss at 48 h (%) = (W1− W3)/W1 × 100%.
Cooking Loss A piece of regular-shaped muscle sample of about 15 gram was weighed (W1) and placed in a zip-sealed plastic bag at 24 h postmortem, and heated in a water bath at 80
• C until the internal temperature reached 75
• C and maintained for 20 min, then cooled in running water to ambient temperature, dried and reweighed (W2). Cooking loss was evaluated by the following equation: Cooking loss (%) = (W1−W2)/W1 × 100% Zhang et al., 2015) .
Shearing Force The shearing force of muscle was measured according to Gao et al. (2015) with some modifications. Briefly, each sample was equally divided into two strips with 3 cm (length) × 1 cm (width) × 1 cm (thickness) after testing the cooking loss. Shearing force of each strip was measured by a Digital Meat Tenderness Meter (C-LM3B, Northeast Agricultural University, Harbin, China) and sheared three different locations vertical to the longitudinal axis of the myofibers. The average of the six shear force values of each sample was considered to be the shearing force of one muscle sample.
Free Radical Scavenging Activity of Breast and Thigh Muscles
The 2, 2-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt (ABTS) free radical scavenging assay was measured by following the instructions of the kit manufacturer (Beyotime Institute of Biotechnology, China). The 2, 2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activity assay was measured according to the method described by Zhang et al. (2014) with some modifications. Briefly, each sample and 0.1 mmol DPPH in ethanol (v:v = 1:5) were mixed vigorously, then the absorbance of the mixture was measured at 517 nm after incubation for 30 min at room temperature in dark. In ABTS and DPPH assays, trolox, an aqueous soluble vitamin E analogue, was used to prepare the reference standard. Results were expressed as μmol trolox equivalent per gram protein of muscle homogenates (μmol TE/g protein).
The hydroxyl radical (OH − ) and superoxide radical (O 2 − ) scavenging activities were measured by commercial kits of Nanjing Jiancheng Institute of Bioengineering (Nanjing, Jiangsu, P. R. China) and performed according to the instructions of the kits. The results were expressed as units (U) 
TBARS Values of Breast and Thigh Muscles
The levels of lipid peroxidation in breast and thigh muscles were determined by measuring TBARS values expressed as malondialdehyde (MDA) contents at 0, 4, 8, and 15 d of storage at 4
• C. The MDA content was assayed by using the commercial kit (Nanjing Jiancheng Institute of Bioengineering, Nanjing, Jiangsu, P. R. China) and calculated on the basis of the protein content in muscle.
Statistical Analysis
All data were subjected to ANOVA using the GLM procedure of SAS 9.2 (SAS Institute, 2010). The data were analyzed as a completely randomized design with replicate as the experimental unit. Orthogonal polynomial contrasts were used to determine linear and quadratic responses to the increasing levels of EA in diets. In all analyses, the level of significance was P < 0.05.
RESULTS
Growth Performance
All treatment groups had similar ADG, ADFI, and F:G during the 42 day experiment (P > 0.05) ( Table 2) . Table 3 shows the effects of dietary EA supplementation on meat quality of breast and thigh muscles in broilers. The drip loss at 24 h in breast muscle was linearly (P = 0.030) and quadratically (P = 0.012) reduced by dietary EA supplementation. The supplementation of EA linearly (P = 0.001) and quadratically (P = 0.006) decreased shearing force of breast muscle. Broilers fed diets supplemented with EA linearly and quadratically (P < 0.05) reduced the drip loss at 24 and 48 h, cooking loss and shearing force of thigh muscle. 
Meat Quality
Free Radical Scavenging Activity of Breast and Thigh Muscles
Dietary EA addition quadratically increased the scavenging activities of ABTS (P = 0.004) and DPPH (P = 0.035) free radicals in breast muscle (Table 4). Boilers fed diets supplemented with EA linearly (P = 0.015) and quadratically (P < 0.001) increased ABTS scavenging activity of thigh muscle. The DPPH scavenging activity of thigh muscle was also increased linearly (P = 0.025) and quadratically (P = 0.018) by EA supplementation
TBARS Values of Breast and Thigh Muscles
The TBARS values of breast and thigh muscles, expressed as MDA concentrations, were increased from 0 d to 15 d of storage at 4
• C, irrespective of EA level (Table 5) . Except for breast muscle at 0 d of storage (quadratic P = 0.016), there were linear and quadratic relationships (P < 0.05) between EA level and MDA concentration in breast and thigh muscles regardless of storage period. Dietary EA supplementation reduced average MDA concentration in breast and thigh muscles during 15 d of storage both linearly (P < 0.05) and quadratically (P < 0.05).
DISCUSSION
Effect of EA on Growth Performance of Broilers
Although EA supplementation had no significant effect on the growth performance of broilers in the present study, broilers fed diet supplemented with 1.0 g/kg EA had the highest ADG and ADFI and lowest F:G numerically. The results suggested that the optimum level of EA in broiler diet might be 1.0 g/kg. Previous published results about growth performance in broilers fed diets supplemented with natural herbs or phytogenic feed additives are controversial. Dietary addition of herbal additives such as Euphorbia hirta (Hashemi et al., 2012) , fermented Ginkgo biloba leaves (Cao et al., 2012) , a mixture of carvacrol, cinnamaldehyde and capsicum oleoresin (Gharib, 2014) , a natural blend of essential oils from basil, caraway, laurel, lemon, oregano, sage, tea, and thyme (Khattak et al., 2014) have been reported beneficial to animal growth. Diets supplemented with A. annua methanolic extract (2 and 4 g/kg) or A. annua leaf powder (5, 10, and 15 g/kg) increased daily body weight gain and reduced feed conversion ratio of chicks (Gholamrezaie Sani et al., 2013) . Studies indicated that chickens receiving A. annua or extracts from A. annua could compensate for coccidiosis (Brisibe et al., 2008) or necrotic enteritis (Engberg et al., 2012) associated growth depression. However, diet containing 20 or 40 g/kg dried A. annua leaves did not affect final BW, weight gain, feed consumption or F:G in Cobb chicks (Cherian et al., 2013) . Dried A. annua leaves (0, 5, 10, and 20 g/kg) decreased feed intake and body weight in a dose-dependent manner, and 10 and 20 g/kg diets tended to improve the feed conversion ratio in broilers (Engberg et al., 2012) . Engberg et al. (2012) showed that n-hexane extract from fresh A. annua leaves (0, 125, 250, and 500 mg/kg) also reduced feed intake, but broiler weight tended to decrease only at the highest dietary concentration, and the feed conversion ratio tended to improve when birds received 250 and 500 mg/kg n-hexane extract. The discrepancy can be attributed to addition method, processing technology and level of phytogenic feed additive in the basal diet, diet composition and feeding management.
Effect of EA on Meat Quality and Oxidative Stability of Breast and Thigh Muscles in Broilers
Drip loss and cooking loss are general terms to evaluate the water-holding capacity of meat. Shearing force reflect the tenderness of meat. The results of the present study showed that drip loss and shearing force of breast and thigh muscles and cooking loss of thigh muscle were reduced by supplementation of EA, which resulted in higher water-holding capacity and better tenderness of broiler muscles than the control group. The results also revealed that broilers in 1.0 g/kg and 1.5 g/kg EA groups exhibited better water-holding capacity and tenderness than the 0.5 g/kg EA group numerically. The ABTS and DPPH have been widely used to determine the antioxidant capacity. In the present study, diets supplemented with various levels of EA increased ABTS and DPPH free radical scavenging activities of breast and thigh muscles in broilers, indicating that EA can improve antioxidant capacity of meat. Similar results were obtained by Aziza et al. (2010) and Zhang et al. (2015) , who found that poultry meat had increased free radical scavenging capacities and improved meat quality when diets supplemented with herbal additives. The improvement of meat quality may be related to the concurrently increased antioxidant capacity of meat (Cao et al., 2012; Zhang et al., 2015) .
The TBARS value, expressed as MDA concentration, was usually measured to evaluate the level of lipid peroxidation. Prolonged storage is one of the reasons augment the lipid peroxidation of meat postmortem (Aziza et al., 2010) . In the present study, lower MDA concentrations in breast and thigh muscles during 15 d of storage at 4
• C were observed when broilers fed diets supplemented with EA. Similarly, lipid oxidation products were decreased in breast and thigh muscles of broilers fed diets supplemented with 20 g/kg or 40 g/kg A. annua leaves (Cherian et al., 2013) . Addition of Artemisia princeps Pamp extract was effective for delaying lipid oxidation of raw chicken patties stored for 12 d under 4
• C in refrigeration, which may extend the shelf life of chicken patties (Hwang et al., 2013) . Excessive free radicals are main cause of lipid peroxidation. It has been described that the oxidative stability of poultry meat after slaughter is related to free radical scavenging capacity of musculature and dietary antioxidants supplementation . Phenolic compounds and flavonoids are distributed in a wide range of plants (Zheng and Wang, 2001; Cai et al., 2004) , and can be used as antioxidants due to the ability of reducing free radical formation and scavenging free radicals (Shahidi et al., 1992; Pietta, 2000) . Previous studies demonstrated that A. annua has a diversified phenolic profiles and flavonoids (Brisibe et al., 2009; Ferreira et al., 2010) . Gouveia and Castilho (2013) found a remarkable antioxidant capacity of acetone extract of A. annua, in particular as free radical scavenger. Crude polyphenol extracts could inhibit the formation of TBARS in pre-cooked beef and pork (DeJong and Lanari, 2009) . Broilers fed diets inclusion of herbal additives rich in phenolic compounds (Goñi et al., 2007; Aziza et al., 2010) or flavonoids (Cao et al., 2012) reduced lipid peroxidation in meat. Thus, the antioxidant effect of EA might be ascribed to the presence of natural phenolic compounds and flavonoids. Furthermore, the abundant amino acids, vitamins, and mineral elements additionally increased the antioxidant ability of A. annua (Brisibe et al., 2009). According to the present results, it is suggested that the phenolic compounds, flavonoids and nutrient profiles established EA as an excellent supplier of antioxidant for poultry.
In addition, breast muscle had lower MDA concentration than thigh muscle in this trial. Similarly, the MDA values in thigh samples were higher than breast samples of broilers (Botsoglou et al., 2002) and turkeys (Papageorgiou et al., 2003) . Thigh muscle tissues are more susceptibility to oxidation than breast muscle tissues. This is due to the higher total fat content and absolute content of polyunsaturated fatty acids in thigh muscle than breast muscle (Jensen et al., 1997; Wen et al., 1997) .
It is concluded that dietary EA supplementation did not significantly affect the growth performance of broilers in the present study, improved meat quality and oxidative stability of breast and thigh muscles, and thus prolonged the shelf life of meat postmortem. The inclusion level of 1.0 g/kg EA in broiler diet was recommended.
